This paper investigates how Scalable Video Coding (SVC) can benefit from different Forward Error Correction (FEC) and transmission schemes in mobile broadcast systems. Simulation are performed in DVB-H (Digital Video Broadcasting -Handheld) systems. In DVB-H, a differentiation in robustness for the different SVC layers can be achieved at the link layer using intra-burst MPE-FEC (multi-Protocol Encapsulation FEC). The paper evaluates the gain that can be achieved with the MPE-FEC using equal (EEP) and unequal error protection (UEP), and the performance improvements of an SVC layer-aware FEC (LA-FEC) approach that can be implemented in DVB-H either at the link layer with MPE-iFEC (inter-burst MPE-FEC) or at the application layer with AL-FEC. LA-FEC improves the SVC base layer robustness generating parity information across existing dependencies within the SVC video coding structure. Laboratory measurement results using a TU6 channel model show that the performance of an SVC service in DVB-H can be significantly increased by a proper link layer FEC scheme. It is shown that using SVC in combination with LA-FEC and a proper transmission scheduling does not only give a better performance in terms of PSNR and amount of video outages compared to a single layer service at the same service bit rate, but also gives an additional lower quality layer which can be used for applications like conditional access.
INTRODUCTION
With the increasing capabilities of mobile terminals, Mobile TV services become more and more interesting for mobile service providers. DVB-H (Digital Video BroadcastHandheld) is the current European standard for terrestrial mobile broadcasting [1] . DVB-H networks are being deployed as a complement of cellular networks to efficiently provide mobile TV services. Although DVB-H is considered a mature technology, a promising development as far as video coding is concerned is the extension of the H.264/AVC standard known as Scalable Video Coding (SVC), recently adopted within the DVB toolbox.
SVC is an amendment to the H.264/AVC standard to provide efficient scalability functionalities on top of the high coding efficiency of H.264/AVC [2] . The scalability functionalities of SVC presents a great potential to achieve a more efficient and flexible provisioning of mobile TV services in DVB-H systems. Compared to using a simple simulcast approach, where the same content is delivered multiple times at different video resolutions, SVC provides an efficient mean to cope with heterogeneous receiver capabilities (screen size and processing power), distributing different service qualities within one scalable stream and extending existing services in a backwards compatible way.
It is well known that unequal error protection (UEP) schemes improve the robustness of an SVC transmission [3] . UEP takes advantage of the fact that different portions of the multimedia stream have different levels of importance to the subjective quality perceived by the users. In comparison to Equal Error Protection (EEP) schemes, where each data portion gets the same amount of protection, UEP applies a stronger protection to the more important data portions.
In DVB-H, such a differentiation in robustness for the different SVC layers can be achieved at the physical layer with the hierarchical modulation feature, such that the SVC base layer is transmitted using a more robust modulation than the enhancement layers [4] . Another possibility is to employ the intra-burst link layer forward error correction scheme MPE-FEC (Multi-Protocol Encapsulation FEC) [1] . This scheme can be used in a way such that proportion of repair (parity) data transmitted to compensate for potential transmission errors is higher for the SVC base layer than for the enhancement layers. Such a scheme can also be applied to an inter-burst FEC schemes, either at the link layer with MPE-iFEC (MPE inter-burst FEC) [5] or at the application layer with AL-FEC [6] . Moreover, these schemes allow to further increase the protection of the SVC base layer considering the existing dependencies within the video coding structure. So-called SVC layer-aware FEC (LA-FEC) schemes generate parity symbols in a way that protection data of less important dependency layers (i.e., the enhancement layers) can additionally be used for an increase in protection of higher important layers (i.e., the base layer) for combined error correction [7] .
In this paper, we investigate how SVC can benefit in terms of coverage and capacity from unequal error protection and layer-aware intra-burst upper layer FEC schemes in DVB-H systems. We consider a scenario where two device capabilities (QVGA and VGA) are supported by a single DVB-H service. To further improve the performance of a single layer service, different transmission scheduling of the SVC base layer data is considered.
The rest of the paper is organized as follows. First, we provide an overview of SVC in Section 2. Then, in Section 3 we describe the DVB-H link layer FEC mechanisms that can provide unequal error protection to the SVC stream: MPE-FEC and AL-FEC. In Section 4 we present the SVC layer-aware FEC approach. In Section 5 we explain the performance evaluation methodology, including the performance measures, and the simulation set-up. Section 6 presents illustrative results for the different FEC schemes. Finally, we give some concluding remarks in Section 7.
SVC OVERVIEW
Scalable Video Coding (SVC) [2] is an extension of the H.264/AVC video coding standard that allows structuring the bit stream so that devices with different capabilities can decode different parts of it. The base layer of SVC provides the lowest quality level. It is an H.264/AVC compliant bit stream, which ensures backward-compatibility with existing receivers. Each additional decoded enhancement layer increases the video quality in a certain dimension: temporal, spatial, and fidelity scalability. A detailed description of the main SVC functionalities can be found in [2] .
SVC employs different temporal and inter-layer predictions for achieving coding efficiency which introduces dependencies between portions of the SVC video stream. Fig. 1 shows an exemplary coding structure, with the base layer and one enhancement layer, which increases the temporal and the spatial resolution of the base layer. The arrows in the figure denote the dependencies between the different access units.
Fig. 1:
Dependencies within a temporal/spatial scalability due to hierarchical prediction structure and inter-layer prediction.
In SVC, the base layer is more important than the enhancement layer. The enhancement layer information typically becomes useless if the base layer information is lost due to missing prediction information. Therefore, a differentiation in robustness is in general beneficial for the transmission of SVC, where the base layer gets a stronger protection than the enhancement layers.
SVC DELIVERY IN DVB-H
DVB-H is characterized by a discontinuous transmission technique, known as time-slicing, where data is periodically transmitted in bursts. Each burst contains information about the time difference to the next burst of the same service. Terminals synchronize to the bursts of the desired service, and switch their receivers front-end off when bursts of other services are being transmitted which reduces the power consumption. For the transmission of SVC, the different quality layers can be broadcasted over different bursts, allowing terminals joining only the services required for receiving a certain quality level. Terminals correctly receiving all layers experience the highest video quality.
MPE-FEC
MPE-FEC (Multi Protocol Encapsulation FEC) is an optional intra-burst FEC mechanism at the link layer that was developed during the standardization process of the DVB-H standard. It is based on a Reed-Solomon (RS) code in conjunction with a block interleaver. MPE-FEC was designed to compensate for the performance degradations of DVB-T under mobility conditions, and to improve the tolerance to impulse interference due to the very short time interleaver on the physical layer [1] .
When MPE-FEC is employed in DVB-H, the IP information is encoded burst by burst with the RS code. This allows recovering from bursts that are partially received but not from lost bursts. MPE-FEC provides an effective time interleaving depth at the link layer equal to the burst duration (typical values 0.2-0.4 s). The maximum percentage of errors per burst that can be corrected is exactly the proportion of parity data transmitted. With MPE-FEC, the zapping time is fundamentally limited by the time the user has to wait to receive the new burst.
The use of MPE-FEC in DVB-H it is not mandatory, and it is defined separately for each service in the transport stream. For each service it is possible to choose whether to use MPE-FEC or not and which code rate should be applied. Therefore, MPE-FEC can be easily used for UEP with SVC by transmitting each layer in a different burst, and adjusting the MPE-FEC code rate for each burst depending on the importance of each layer.
AL-FEC
Application layer FEC (AL-FEC) is currently not standardized for streaming services in DVB-H, only for file delivery, but it can be implemented following the FEC streaming framework defined by the IETF and already adopted by MBMS in 3GPP [6] . Its introduction would require minor changes in the current specifications of the content delivery protocols. AL-FEC can be used to introduce novel FEC schemes in DVB-H. For example, it can be used to provide a multi-burst protection of the transmission with Raptor coding similar to MPE-iFEC scheme defined in DVB-SH [5] . It should be pointed out that the performance of an AL-FEC solution would be practically the same as for MPE-iFEC, and that only some implementation and signaling specific aspects would differ. Another use case of AL-FEC is to introduce FEC schemes specifically designed for SVC.
SVC LAYER-AWARE FEC
In traditional FEC schemes for layered media transmission the redundancy is separately generated for each scalable layer. However, if the base layer cannot be corrected due to transmission errors, most of the enhancement layer information cannot be used due to missing reference pictures (see Fig. 1 ).
The main idea of SVC LA-FEC schemes is to generate the parity data of the enhancement layers following existing dependencies within the video stream [7] . Using LA-FEC, redundancy symbols of the less important SVC enhancement layers can jointly be used with symbols of more important layers (e.g., base layer) for error correction. This effect comes without any increase in bit rate, and improves the reliability of the whole service. Fig. 2 depicts a simplified example with base and one enhancement layer, each with two source symbols and one parity symbol. A standard FEC scheme protects each layer separately. With LA-FEC, the base layer parity symbol is the same as for the standard FEC, but the parity symbol for the enhancement layer is generated across both layers. In the given example in Fig. 2 , the standard FEC schemes allow correcting one lost symbol in each layer (assuming an ideal code). Whereas the LA-FEC scheme allows the correction of up to two lost base layer symbols due to the additional connection of the parity symbol of the enhancement layer. This improvement in base layer protection comes at the expense of a reduced protection of the enhancement layer. With LA-FEC, the enhancement layer cannot be independently decoded of the base layer. Nevertheless, due to the existing dependencies within the SVC video stream, in such cases where the base layer is lost, the enhancement layer data cannot be used anyway. Therefore, LA-FEC never performs worse than the standard FEC.
LA-FEC is a generic approach which can be applied to most FEC codes, such as e.g. LDPC or Raptor codes. For LA-FEC, an FEC algorithm must give enough flexibility to extend the source block to the dependent layers. In DVB-H, LA-FEC is well suited for the integration into the Raptor specification of MPE-iFEC [5] or for the Raptor based AL-FEC solution specified in 3GPP MBMS [6] . Only small modifications on the Raptor encoding process are required to extend the symbol generation process while keeping its codewords systematic [7] .
PERFORMANCE EVALUATION
The simulations in the following section are based on a broadcast scenario where two device capabilities, namely QVGA and VGA, are supported by a single DVB-H service either by using simulcast transmission or SVC, see Fig. 3 . For increasing the robustness of the service, MPE-FEC and the Raptor based AL-FEC solution is evaluated using different code rate distributions. A suitable measure for evaluation of the video quality is the PSNR (Peak Signal to Noise Ratio) and for the service robustness the number of video outages (freeze frames). using SVC or simulcast in a DVB-H broadcast system.
Our simulation scenario consists on a Typical Urban 6-taps (TU6) channel model with a constant Doppler (i.e. user velocity). The TU6 channel models the time variant smallscale fluctuations of the received signal due to receiver mobility (fast fading), and it was proven to be representative for DVB-H mobile reception for Doppler frequencies above 10 Hz (i.e., vehicular reception) [1] . We consider the DVB-H physical layer transmission mode: FFT size 8K, OFDM symbol guard interval (GI) 1/4, modulation 16-QAM and code rate 1/2, which provides a channel capacity of around 10 Mbps.
The video encoding was performed using the JSVM 9.1 version. A simple rate control was employed to achieve an approximately constant service rate. We used scalable high profile. The video was encoded in small chunks, where each chunk consists of a preceding IDR frame followed by three groups of picture of size 8 (GOP8). Each chunk was encoded multiple times with different quantization parameters (QP) values. Depending on the selected video rate, the chunk with QP value providing a certain bit rate was selected and the different chunks were concatenated to one video stream. The chunk wise encoding gives a random access point (RAP) interval of 1 second.
The test sequence "Soccer" with duration of 30 seconds was selected for simulations. For SVC, we encoded two scalable layers. In particular, a base layer which provides QVGA at 12.5 frames per second (fps), and an enhancement layer increasing the quality up to VGA at 25 fps. For simulcast transmission, both qualities were encoded as a single layer stream. The QVGA stream is exactly the same in both settings. For the VGA resolution, a similar quality for both encodings was selected in terms of PSNR. Freeze frame error concealment is used, where in case of frame loss, the last decoded picture is copied. For SVC, in case only the enhancement layer gets lost, the up-scaled QVGA layer was used for PSNR calculation.
A summary of the encoding parameters for SVC and single layer can be found in Table 1 . With the selected encoding, the additional QVGA service comes with an overhead compared to single layer VGA of 7.5 % using SVC. The two quality layers are transmitted in two different time-sliced bursts, the second immediately following the other. Fig. 4 illustrates such a scheduling, where the red arrows show the layer dependencies. In such a scenario, the interleaving length of the base layer burst is reduced due to the low bit rate. For having a similar MPE-FEC interleaving length for the SVC base layer (i.e., burst duration) as for the single layer case [9] , in the simulations we modified the transmission scheduling in such a way, that the base layer is transmitted in parallel to other services as shown in Fig. 5 . The protection is denoted by the blue arrows for standard FEC and the green arrows denote the protection introduced by the Layer Aware FEC. The source block size for FEC generation is aligned to the chunk size, i.e. each source block starts with an IDR RAP and incorporates all GOP8s of the chunk. The simulations cover the different FEC generation schemes MPE-FEC or layer aware AL-FEC for single layer and SVC transmission.
RESULTS AND DISCUSSION
In the conducted simulations we compare SVC against single layer transmission at a fixed overall service bit rate of 1300 kbps (including source and parity data). The code rates for the different FEC schemes were adjusted in order to fully utilize the service bit rate (depending on the media bit rate) and different code rates (equal (EEP) and unequal error protection (UEP)) were chosen. Transmission of the single layer (VGA) stream allows for a lower code rate of 0.6343 due to the lower video bit rate, but does not allow the support of two device capabilities. The high video bit rate of simulcast only allows a maximum code rate of 0.8 for the VGA stream, which is not sufficient for a robust service in the selected channel and therefore not included in the simulations. For SVC, we compared the conventional MPE-FEC scheme of DVB-H with a Raptor-based SVC layeraware intra-burst FEC. The most promising and therefore selected code rate distributions are shown in Table 2 . We simulated the different FEC and transmission schemes under different reception conditions in terms of C/N in a TU6 channel with a Doppler frequency of 10 Hz. 
Transmission Scheduling
With the selected SVC encoding, the base layer bit rate is less than 1/3 of the single layer bit rate. The resulting burst length (see Fig. 4 ) does not give a sufficient interleaving length, which is required for the intra burst FEC to cope with the burst error length in the DVB-H channel [9] . We simulated different transmission scenarios, where the base layer is transmitted in parallel with one (BL2s) or two (BL3s) other services, each having the same bit rate (see Fig. 5 ). Doing so, BL3 gives the same interleaving length to the base layer than to the single layer transmission. The plot in Fig. 6 show the base layer IP packet error rate for the different FEC and transmission schemes in comparison with the AVC MPEFEC scheme. The increased interleaving length has an significant increase in base layer robustness especially for the MPEFEC settings. For SVC MPEFEC EEP and UEP, a doubled interleaving length (BL2s) reduces the IP PER at a C/N of 14 dB by 15%. For LA-FEC, the difference is lower at around 5%. With a doubled interleaving length the LAFEC scheme shows a stronger protection for the base layer. Such a transmission scheduling does not increase the required service bit rate.
Performance Evaluation
For the results in Fig. 7 and Fig. 8 we selected the transmission with 3 base layer services in parallel (BL3s). The plots in Fig. 7 show the resulting video quality in terms of PSNR and the number of freeze frames for the different transmission schemes. The plots in Fig. 8 show the IP packet error rate for the base and enhancement layer comparing the different multi layer schemes with the single layer transmission.
Considering video quality, the SVC MPE-FEC UEP scheme clearly outperforms the SVC MPE-FEC EEP scheme in terms of PSNR and number of freeze frames. The SVC MPE-FEC UEP scheme with 3 services in parallel does even reach the single layer plot and outperforms it in terms of number of freeze frames due to the stronger protection in the base layer. The best performing scheme is the SVC LA-FEC EEP scheme. It shows a better performance than the single layer plot and less freeze frames than the SVC MPE-FEC UEP scheme, though the higher base layer code rate. The IP packet error plot in Fig. 7 illustrates the effect of the LA-FEC scheme. Although the amount of protection packets is the same for SVC LAFEC EEP and SVC MPEFEC EEP, the number of lost base layer IP packets is significantly lower but higher in the enhancement layer when using LA-FEC. Due to the higher importance of the base layer packets to the decoding process, the additional received base layer packets has a positive influence on the video performance. The additionally lost enhancement layer packets cannot be used anyway due to missing references in the lost base layer.
SUMMARY AND OUTLOOK
In this paper we show, how the transmission of SVC in DVB-H can be significantly improved with a proper transmission and FEC scheme. Simulations were performed in a TU6 channel model. It is shown, that the interleaving length of the base layer burst is crucial for the service performance. Unequal error protection with MPE-FEC gives some gain compared to an equal error protection. The performance can be further improved by SVC layer-aware FEC technologies. Using SVC in combination with LA-FEC does not only give a slightly better performance in terms of PSNR and video outages compared to a single layer service at the same service bit rate, but also gives an additional lower quality layer which can be used for applications like conditional access. Future analysis will target the performance of the transmission of stereoscopic video such as H.264 MVC and how it will benefit from LA-FEC. 
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